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doi: 10.1016/j.bpj.2011.10.019N-glycan often exists covalently attached to an asparagine
residue of proteins involved in cell-cell communications
(1). In general, glycan consists of rigid saccharide units
linked together through flexible glycosidic bonds and this
arrangement gives rise to distinct conformers in solution.
Specific glycan-protein interaction is the result of each
receptor protein recognizing one distinct conformer (selec-
tion of a particular ‘‘key’’ from a ‘‘bunch of keys’’ (2)).
Both cholera toxin and galectin-1 bind to the pentasaccharide
of ganglioside GM1 but each to a different conformer (3).
This contrasts with E. Fischer’s famous lock-and-key prin-
ciple, which assumes a rigid substrate (the ‘‘key’’). In the
case of complex-type N-glycan, the common pentasacchar-
ide structure is often modified by N-acetylglucosaminyl-
transferase III that introduces a bisecting GlcNAc (4). This
in turn could alter the number and types of conformers (or
conformational variety) of the glycan, thus affecting the
binding affinity. Phaseolus vulgaris erythroagglutinating
lectin (E4-PHA) specifically binds to complex-type N-
glycans containing bisecting GlcNAc and is widely used as
a tool for the detection of bisecting GlcNAc-bearing glyco-
proteins (5). NMR-based-analyses of model oligosaccha-
rides as well as molecular modeling suggest that the
bisecting GlcNAc induces a unique conformation (an addi-
tional ‘‘key’’) (6,7). However, there is an alternative possi-
bility in which the modification reduces the conformational
variety thereby selecting a certain ‘‘key’’.
To clarify the issue, atomically detailed structural infor-
mation of N-glycans is necessary. X-ray crystallography is
obviously not suitable for such flexible molecules. NMR
spectroscopy can provide structural and dynamic informa-tion of the local glycosidic linkages but it is difficult to
probe their global conformational motion in solution.
In this Biophysical Letter, we aim to characterize the
multiple conformers of N-glycan in solution by performing
molecular-dynamics (MD) simulations. Conventional MD
simulation is a popular tool in the field of structural biology
of proteins, nucleic acids, and lipid bilayers. However, MD
simulations of glycans or oligosaccharides in explicit solvent
have been limited to small fragments, like mono-, di-, or tri-
saccharides (8), or larger fragments with short sampling (6).
Here, we employ the latest force-field parameters for
N-glycans (GLYCAM06) (9) and replica-exchange MD
simulation (10) as an enhanced conformational sampling
technique, significantly increasing the chance of sampling
all possible conformers in a single simulation run (see the
Supporting Material for the simulation details). We apply
this computational method to biantennary complex-type
N-glycans with (BiB10) and without (Bi9) the bisecting
GlcNAc (Fig. 1 A) in explicit solvent for a sufficiently long
time (3.3 ms).
Fig. 1B (see also Fig. S2 in the SupportingMaterial) shows
the free-energy maps of the orientation of the first glycosidic
linkages of the a1,3/a1,6-arms in Bi9, which have been
a focus of previous studies (6,7). The Mana1-6Man linkage
adopts five distinct conformers that differ in dihedral angles
J (C1-O-C6
0-C50) and u (O-C60-C50-C40). The exo-anomeric
effect restricts F (O5-C1-O-C6
0) value to ~70. There are
FIGURE 2 (A) End-to-end distance free-energy map for Bi9. r1,
distance between the C1 atoms of Gal in 1-6 and 1-3 arms; and r2,
distance between the C1 atoms of Gal in 1-6 arm and GlcNAc in
the core. (B) The samemap for BiB10. Representative conforma-
tions and their populations from the clustering analysis are also
shown.
FIGURE 1 (A) Sequence of biantennary N-glycans Bi9 and
BiB10. (B) F, J and J, u free-energy maps for Mana1-6Man
(i and ii) and Mana1-3Man (iii) glycosidic linkages of Bi9. (C)
Difference of free-energy maps (BiB10-Bi9) for corresponding
linkages. Increase (blue) or decrease (red) in population. Alpha-
betic characters on the maps represent major conformations.
TABLE 1 Summary of conformations of Bi9 and BiB10
Mana1–6Man Bi9 BiB10
F J u Type % Type %
70*,y 60* 60*,y HBF (a) 17 HBF (a) 6
180 TBF (a0) 14 TBF (a0) 2
90*,y 60*,y BF (b) 45 BF (b) 61
180 MIX 1 — —
180y 60*,y EX-a (c) 10 EX-a (c) 28
180 EX-b (c0) 13 EX-b (c0) 4
HBF, ‘‘Half Backfold’’; TBF, ‘‘Tight Backfold’’; BF, ‘‘Backfold’’; EX-a,
‘‘Extend-a’’; and EX-b, ‘‘Extend-b’’. MIX, mixture of different conforma-
tion. %, Population of each conformer obtained from the clustering analysis.
*Favored by Bi9.
yFavored by BiB10.
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space. The first two conformers are energetically favored.
They preferentially adopt gauche-gauche orientation (u ¼
42 (a), 48 (b)), although gauche-trans orientation is also
possible to a lesser extent (u¼ 168 (a0)). Three conformers
(a, b, and a0) dominate over the other two (c and c0). The
Mana1-3Man linkage adopts a broad conformation with
a wide range ofJ angles. These results agree with the data
from x-ray crystallography (11) and NMR spectroscopy
(7). Fig. 1 C shows the changes in the equilibrium conforma-
tion induced by the bisecting GlcNAc. In the Mana1-6Man
linkage, two conformers (a and a0) are significantly less
populated and the population of conformer c slightly in-
creases. Evidently, the Mana1-3Man linkage becomes
more rigid upon the introduction of bisecting GlcNAc.
Fig. 2 A (see also Fig. S4) shows the free-energy map of
Bi9 structures along the two end-to-end distances (r1,
distance between the C1 atoms of Gal in the 1-6 and 1-3
arms, and r2, distance between the C1 atoms of Gal in the
1-6 arm and GlcNAc in the core). The distance between
the 1-3 arm and the core is almost constant during the simu-
lation and is not plotted. Representative conformers and
their population size obtained from the clustering analysis
are also shown (see also Table S1 and Fig. S5 in the Support-
ing Material). In Bi9, five major conformational clusters are
observed, whereas only two are found in BiB10.
This population variation has a clear relationship with the
local linkage orientations observed in Fig. 1. The relation is
also summarized in Table 1. Three low-energy linkage con-
formers (a, b, and a0) lead to ‘‘Backfold’’ type, whereas theless favored conformers (c and c0) to ‘‘Extend’’ type (see
also Fig. S6 and Fig. S7). In the ‘‘Tight Backfold’’ conformer
(a0), the 1-6 arm has its nonpolar B-face oriented toward the
nonpolar face of the core, resulting in strong hydrophobic
packing. On the other hand, the ‘‘Backfold’’ conformer (b),
which is dominant, is stabilized through the 1-6 arm forming
a hydrogen bond with the core. In the ‘‘Half Backfold’’
conformer (a), the 1-6 arm interacts with both the core and
the 1-3 arm through hydrogen bonds. Contrary to the ‘‘Back-
fold’’ type, the 1-6 arm is fully solvated and makes no direct
contact to the core or the 1-3 arm in the ‘‘Extend’’ conformers
(c and c0). The bisecting GlcNAc suppresses this conforma-
tional variety by shifting the relative population size of
each conformer (Fig. 2 B). As a result, only the ‘‘Backfold’’
and ‘‘Extend-a’’ forms become major conformers. This
change is mainly due to a shift in the J-angle preference
by the bisecting GlcNAc (Table 1). Our preliminary analysis
suggests that the change in the J-angle preference can beBiophysical Journal 101(10) L44–L46
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to the bisecting GlcNAc. The smaller model ofN-glycans (8)
lacks some of the hydrogen bonds involved in the rearrange-
ment. The short sampling using the conventional MD (6)
hardly provides all possible conformers. N-glycan structures
were extensively sampled in this letter (see Fig. S3 for the
statistical error), thus giving a new aspect of the conforma-
tional properties.
These conformational properties may be important for
the biological role of bisecting GlcNAc. E4-PHA lectin
specifically binds to N-glycans carrying bisecting GlcNAc
and a variety of sequences on the a1-3 and b1-6 branches.
Removal of the bisecting GlcNAc abolishes binding. E4-
PHA lectin may prefer the ‘‘Backfold’’ and/or ‘‘Extend-a’’
type conformation, although further consideration is
precluded due to the lack of three-dimensional structural
information on E4-PHA. Another aspect of the bisecting
GlcNAc modification is the modulation of glycosyltransfer-
ase activities. Addition of bisecting GlcNAc on the
N-glycan functions as an inhibitory factor for a1,6-fucosyl-
transferase (12). An increase in the population of the
‘‘Extend-a’’ conformation may inhibit access of a1,6-fuco-
syltransferase to the GlcNAc residue.
In summary, our replica-exchange MD simulations, with
extensive sampling ofN-glycan structures in solution, clearly
show that bisecting GlcNAc reduces the conformational
variety. Thus, the bisecting GlcNAc acts as a selector for
a certain ‘‘key’’ (or ‘‘keys’’), rather than a ‘‘key’’ generator
as previously thought. The result signifies the importance
of the ‘‘conformer selection’’ for fine regulation of the
binding affinity to the target protein. Further theoretical
development could elaborate onwhat could be a fundamental
principle of specific glycan-protein interactions, one based
on the natural N-glycan structural diversity and the ability
of core modification to alter the conformational equilibria.SUPPORTING MATERIAL
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